Abstract: Grinding wheels are deformed by the effect of centrifugal forces. In this study, applying previously proposed mathematical model of grinding wheels, the elastic deformations due to centrifugal forces are analyzed. And, the analyzed elastic results are evaluated experimentally. From these results, it is clarified that the effect of centrifugal forces on the elastic deformations of grinding wheel can be analyzed quantitatively by using the mathematical model previously proposed.
Introduction
In grinding operations, elastic deformations of grinding wheels are one of parameters effecting on machining accuracy. Forces affecting on grinding wheels in machining process are grinding forces, contact forces with workpieces and/or the centrifugal forces. By acting these forces, grinding wheels are deformed and they cause machining errors. Therefore, in order to realize higher machining accuracies in grinding operations, elastic deformations of grinding wheels have to be took into account quantitatively.
In the previous study, in order to analyze the dynamic phenomena of grinding wheels, a mathematical model of grinding wheels was proposed. This model consists of rigid bodies as abrasive grains and spring elements as bonds connecting successive grains. A basic unit of this model consists of nine rigid bodies and sixteen spring elements. At the first stage, spring constants of bonds connecting successive two grains in vitrified and resinoid wheels were calculated [1] [2] . And the next, the contact stiffness of grinding wheels was analyzed with a mathematical model depending on the spring constant previous obtained [3] . By the evaluation of the analyzed results experimentally, it was clarified that proposed model could be applied to dynamic analysis of grinding wheels.
In this paper, in order to calculate the amounts of elastic deformations of grinding wheels due to centrifugal forces, theoretical analyses using proposed model and experiments using actual grinding wheels are carried out. From these results, it is known that grinding wheel radius expands about 2µm in vitrified wheels and about 7µm in resinoid wheels. According to the results shown above, it is clarified that the amounts of radius expansion in rotating wheels by the effect of centrifugal forces can be estimated quantitatively by applying the proposed model.
Analytical method
Grinding wheels consist of abrasive grains, bonds and pores as shown in figure 1(a) . In this study, a mathematical model of grinding wheels as shown in figure 1(b) was proposed, and this basic unit consists of nine rigid bodies and sixteen spring elements. Arranging this basic unit, the grinding wheel as shown in figure 1(c) is modeled. Figure 2 shows the condition of this analysis. Taking into account the geometrical symmetry, analyzing model can be treated in quarter. In this model, the inside boundary is restricted in the Z axis directing the wheel spindle, and symmetric condition is set in X and Y directions. The elastic deformations in radial directions are calculated under the condition that spindle rotating speed is N min -1 .
From previous studies, it was clarified that the spring constant k, N/µm, connecting successive two grains can be calculated from grain size # as k v =470/# for vitrified and k b =130/# for resinoid wheels. On the other hand, in the proposed mathematical model, the mass of bonds connecting two grains, which have effect on the centrifugal forces, cannot be considered as it is. In order to take into account this effect, it is assumed that bond masses are included in each mass of grains in this study. Table 1 shows the calculated results of mass ratios between abrasive grains and bonds corresponding to the grain size. First, the mass of abrasive sticks are measured for grain size #60, 80, 100 and 120 of resinoid wheels and #120 of vitrified wheels. Next, the numbers of abrasive grains in this model are counted. Since densities and diameters of grains had been known, using those parameters and the numbers of abrasive grains, the mass of abrasive grains for abrasive stick can be evaluated. From such a treatment, it can be known that the ratio of the mass of abrasive grains to grinding wheel is 80%, and the ratio of mass of bonds is 20%. According to the result shown above, the mass of rigid body in this analysis is set as 1.25 times that of abrasive grain. Table 2 shows the condition used in this analysis. Used grinding wheels sizes are diameter 100, 150 and 205mm, the elastic deformations of model in radial direction in rotating speed 2800min -1 is analyzed. Table 2 Condition and wheel sizes of analysis results. In the experiments described later, grinding wheels with 205mm diameter are used. However, in case of that the grain sizes #80, #100 and 120 with diameter 205mm are not be analyzed, because of the restriction of the model size depending on the used PC. From these analyzed results, it may be known that elastic deformations due to centrifugal force are 1-2µm for vitrified wheels and 4-7µm for resinoid wheels.
Analytical results

Experimental results
Elastic deformation of the grinding wheels in radial direction is experimentally measured under the condition that diameter is 205mm and rotating speed is 2800min -1 . Measuring method is as follows. Using acrylic resin plate for specimen, grinding wheel shapes in low and high rotating speed are copied to the specimen surfaces. First, a flat surface is made on the specimen as shown in figure 4(a). And a groove is made under the condition that spindle rotating speed is 250min -1 and depth of cutting is about 5µm as shown in figure 4(b). Next, keeping the depth of cut same and increasing the spindle rotation speed to 2800min -1 , a new groove is made in the next to the previously made groove as shown in figure 4(c). The geometrical shapes of the section of two grooves are measured by a form measuring device. Finally comparing these measured two sections, the amounts of elastic deformations due to centrifugal force is evaluated. grinding wheel is not isotropic body, it can be considered that the elastic deformation due to centrifugal force may not be uniform in any directions. On the other hand, since the most external shapes of grinding wheel are copied to the surface of acrylic resin, experimental results shown in figure 6 are almost same amounts of the maximum analyzed results.
Conclusions
Using proposed mathematical model of grinding wheels, it is known that the maximum amounts of analyzed results agree with experimental results. And, it is clarified that the elastic deformation of grinding wheels due to centrifugal force can be analyzed quantitatively. 
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